For simulating the final failure of glassy polymers under impact loading, Shizawa's constitutive model was modified by introducing the craze density based softening law in which the phenomenological softening law using the craze density is employed. The material parameter identification procedure in the constitutive law was developed based on the sensitivity analysis. All parameters were identified with the measurement data which were obtained by both the dumbbell-shape tensile test specimen and the notched tensile test specimen. The dart impact test was also conducted. The load displacement curve and damage zone development were compared with those obtained by the finite element analysis using proposed constitutive equations. Both results were in good agreement and the usefulness of the constitutive equations was validated.
Introduction
Recently, crash simulations have been used to the vehicle body design in the automotive development. For instance, crash simulations for high strength steel materials, which are the main materials of the automobile main frame structures, currently exhibit high simulation accuracy in axial buckling calculations for structural components, and have reached a level that was sufficient for practical applications (1) . On the other hand, the number of polymer components increases especially for the multiple functions of weight reduction and impact energy absorbing such as bumper faces and interior parts (2) (3) . In developing such polymer components, it is getting more important to design them by analysis.
In general, polymers show a strong strain-rate dependency and a strong temperature sensitivity compared to metals. In evaluating the energy absorbing performance, inelastic material behavior such as viscoplasticity is the dominant characteristic. For instance, the viscoplastic material constitutive model is used in order to evaluate the impact energy absorbing performance of sheet steels (1) .
The dominant inelastic material characteristics of glassy polymers are craze nucleation and growth (4) . A vast amount of research has been performed in the past on all aspects of crazing by the experimental approaches (5)- (7) . In the numerical simulation point of view, the considerable researches were conducted for developing the constitutive laws so that the post-yield characteristic of glassy polymers could be captured (8) (9) (10) (11) (12) (13) (14) . Although all the constitutive laws (8) (9) (10) can capture the post yield characteristic such as craze nucleation, both the craze growth and shear band creation are not considered in one constitutive law. The development of such constitutive models that are able to predict both phenomenon of crazing and shear band creation started off with the work of Shizawa and co-workers (11) (12) (13) (14) .
The non-coaxial constitutive law with craze defects is derived and validated based on both flow theory and thermodynamics (11) (12) . Then, they propose the elastoviscoplastic constitutive law based on craze evolution and annihilation (13) (14) . Their constitutive law consists of strain-rate hardening law, craze nucleation law and craze evolution law. Strain-rate hardening equation is the exponential hardening law. The craze nucleation law consists of the hydrostatic stress criterion. The craze evolution law is the function of the mean normal plastic strain and the hydrostatic stress. Shizawa constitutive model is validated with the static tensile test result obtained with the dumbbell-shape test specimen of polypropylene and polycarbonate. Their simulated results show the good accuracy but the experimental validations are not conducted in deformation and failure characteristics at the intermediate and high strain rates.
In the practical applications, however, it is getting necessary to use the material constitutive law including the ductile failure model so that the total impact energy absorbing performance can be evaluated for glassy polymer components.
In addition, Shizawa constitutive model has quite a few material parameters, which makes it more difficult to implement the simulation in the industrial applications.
Then, the first objective in this paper is to modify Shizawa constitutive model by introducing the craze density based softening law for simulating the ductile failure of glassy polymers. The second is to show the material parameters identification procedure in the constitutive law with the material parameter sensitivity analysis. Finally, the impact deformation and failure characteristic are simulated and validated with the identified material parameters. First, the phenomenological softening law is proposed with the craze density. Next, the preliminarily sensitivity analysis is conducted so that the efficient parameter identification procedure can be proposed. Then, each parameter is identified with the measurement data which are obtained by both the dumbbell-shape tensile test specimen and the notched tensile test specimen at the intermediate and high strain rates. Finally, the simulated macroscopic load displacement curve and damage zone development are compared and validated with the dart impact test result. The tested material in this study is the elastomer blended polypropylene used in the interior and exterior parts of automobiles. All the simulations are implemented by using a commercial explicit finite element code RADIOSS version 4.4 with user defined material subroutine program.
Material Constitutive Law
For the numerical simulation, the above mentioned elastoviscoplastic constitutive equation with craze effect is applied to the dumbbell-shape tensile test, notched tensile test and dart impact test.
According to Ref. (13) , the proposed elastoviscoplastic constitutive equation with craze effect is shown as Eq. (1);
where T is Cauchy stress, D is deformation rate, p ε is equivalent plastic strain rate, ω is craze density, ω is craze density rate and ) ( ∇ is Jaumann rate. 
The craze evolution equation is proposed in the following equation [14] ; , (8) where m σ is the hydrostatic stress, y σ is the yield stress, q 1 -q 3 are material constants.
The first part of Eq. (7) means craze evolution and the second one means the craze creation and growth. c ε is the strain at which the craze stops growing. The craze generation is based on the hydrostatic stress criterion as Eq. (9); ( ) 
is the flow stress modeled for polypropylene (14) , r ε is the reference strain rate, r σ is the reference stress, r ε is the reference strain at which the second hardening
is the following step function.
(at x>0) , 0 (at x<0).
(12) In this study, the tensile softening law is proposed in order to simulate the ductile failure due to craze evolution. Ductile failure due to craze occurs when the fibril which consists of hundreds or thousands of molecular chains breaks continuously to some extent. The load displacement curve of fibril break is simulated with coarse molecular dynamics model (15) . The phenomenological softening law based on craze density is defined as Eq. (13) where w 2 is the craze density at which the softening effect starts being activated and w 3 is the softening parameter. This softening law is multiplied by the flow stress Eq.(11) during each calculation step.
All FEM simulations are performed by the commercial explicit finite element code RADIOSS version 4.4. Figure 1 shows the finite element mesh used for the dart impact test. Similar to the experiment, the impacting dart is controlled by constant velocities in FE analyses. The axial load is obtained by FE analyses. In addition, the craze density distribution is obtained in the dart impact test. In this simulation, the three-dimensional solid element is used as shown in Fig. 1 . 
Tensile Test Specimens
A thermoplastic semi-crystalline material, elastomer modified polypropylene, is selected for this study from among polymers widely used in the interior and exterior of automobiles. JISK713 No. 2 dumbbell shape (parallel portion width 6 mm) test specimens in JIS (Japanese Industrial Standards) are used from the static tensile to the medium-speed tensile (up to nominal strain rate of 10 1 sec -1 ) range for measuring the strain rate dependent stress strain relationship, and the notch tensile test specimens designed exclusively for the parameter identification are used only at the nominal strain rate of 10 1 (sec -1 ). In the practical application, the fracture is often observed at the location where the ribs are connected with the flat surface of polymer parts. That is, the location where the high stress tri-axiality is observed leads to the fracture initiation. Then, the notched tensile specimen is used so that the parameters should be identified for a high stress tri-axial distribution. Figures 2 and 3 show the respective test specimen shapes. The thickness of test specimens is 3.6 mm. 
Test Apparatus and Method
This study uses a Type AG screw-driven system (AGS 1000G: maximum tensile speed 1.7 x 10 -2 m/s) to obtain mechanical characteristics in the static to quasi-static range (nominal strain rate 10 -4 sec -1 to 10 -1 sec -1 ), and Type A (EHF U2H-20L: maximum tensile speed 1.5 x 10 1 m/s) servo-hydraulic high-speed impact test apparatuses to obtain mechanical characteristics during medium-to high-speed deformation. The strain rate is the nominal value calculated by the initial clamping distance of the test specimen which is 80 mm. Figure 4 shows the principle of operation for the impact test apparatus. Two types of testing apparatuses are employed for the tensile test according to the nominal strain rate as shown in measure the longitudinal strain and the lateral strain. This is done using a home video camera (SONY) in the low-speed tensile range, and a high-speed video camera (NAC) capable of recording 20 000 frames/sec in the impact tensile test. With the same test apparatus as the middle-speed tensile test, the dart impact test is conducted as shown in Fig. 5 . The impact velocities are 0.1 and 1.0 (m/sec). The diameter of the dart is 12.7 mm. The test specimen is a square plate of dimensions 110 x 110 x 3.4 mm and is clamped by the square plate which has the 76 mm diameter hole. The high-speed video camera (NAC) is located just underneath the test specimen so that the dame zone development can be recorded during dart penetration process. 
Results and Discussion

Parameter Sensitivity Analysis
The number of material parameters is quite a few so the material identification procedure should be specified. At first, the parameter sensitivity is analyzed. Then the material parameter identification procedure is determined with the result of sensitivity analysis. The objective parameter is the function of all the parameters in the following equation;
. , (14) where y is the objective parameter, x i is each parameter and s i is scaled coefficients. Then each scaled coefficient can be normalized as following formula; , (15) where N x is the normalized of scaled coefficient. The parameter sensitivities are analyzed in the JIS2 dumbbell-shape tensile test simulation and the notched tensile test simulation. Based on the results, the material identification procedure is proposed in this study.
Result of Parameter Sensitivity Analysis
In the case of dumbbell-shape tensile test at the nominal strain rate of Most of the dominant parameters shown in Fig. 7(c) are the material parameters for craze nucleation and growth. This is because the high stress triaxiality occurs in the notched tensile specimen. This result suggests that most of the material parameters for craze nucleation and growth should be identified at the large displacement of the notched tensile test simulation. Based on the results of the material parameter sensitivity analyses, the parameter identification procedure is proposed as shown in Figure 8 . The identified material parameters are shown in Table 2 . These material parameters would not be the best picks for any loading conditions in the practical applications. In addition, the material parameters do not have uniqueness. However, it is thought that they are optimized for the specific loading conditions in this study. Table 2 Material Parameters
Experimental Results
Stress vs. strain relationships at various nominal strain rates are shown in Figure 9 . The incompressibility of the materials is assumed for large deformations in order to obtain the true stress by simple calculation in this study. The ratio of the longitudinal strain and the lateral strain under large deformations was estimated as about -0.46. Thus, it is presumed that the estimated true stress is in the error range of several percentages. It is clearly observed that the tested material has the strong strain rate dependency. Figure 10 shows the load-displacement histories at the impact velocities of 0.1 and 1.0 (m/sec). As clearly shown in this figure, the load level gets higher at the higher impact velocity. Figure 12 shows the load displacement curves of the notched tensile test at the tensile velocity of 0.8 (m/sec). In comparison with the smooth tensile test specimen, the notched tensile test result shows the strong softening effect by which the load decreases gradually. The simulated load displacement curve without proposed softening law shows a good agreement with the experimental result by the displacement of 2 mm but it can not show the final failure characteristic. However, the simulated result with the softening law shows the load decrease caused by final failure. It is suggested that the proposed softening law can handle the final failure characteristic which consists of fibril breaks. Figures 13 and 14 show the experimental and simulated load displacement histories of dart impact test and simulations at the impact velocities of 0.1 and 1.0 (m/sec). In the case without the proposed softening law, the simulated load indicates the higher value that the experimental one. However, the simulated load with the proposed softening law show the good agreement with the experimental one. This is because the final failure such as fibril breaks occurs continuously during the dart penetration process. Figure 15 shows the lower surface deformation of the test specimen during the dart penetration at the impact velocity of 1.0 (m/sec). When the dart displacement z is 5.0 mm, the craze begins to be generated and then the craze density grows along the contact edge between the dart and the test specimen. The final failure initiates at the dart displacement of 13 mm and then the final failure region propagates along the contact edge as shown in Fig. 15(c), (d) . Figure 16 shows the simulated craze density distributions of test specimen during the dart impact at the impact velocity of 1.0 (m/sec). Compared to Figure 16 , the craze generation and growth are simulated quite similarly. 
Comparison between Experimental and Simulated Results: Dart Impact Test
Conclusion
The elastoviscoplastic constitutive law proposed by Shizawa et al. was modified to simulate the final failure of polymer materials under impact loading by introducing the craze density based softening law. A procedure for the material parameter identification in the modified constitutive law was developed based on the parameter sensitivity analyses. In this procedure, all material parameters can be identified by using the load displacement histories of a smooth specimen together with a notched specimen under uniaxial tensile loading. Finite element analyses on the dart impact test were conducted and compared with the experimental results. Numerical results of load displacement histories obtained by the modified constitutive law were in good agreement with the experimental results up to the final failure. Development of damage zone predicted by FE analysis was also in good agreement with that in the experiment. It is concluded that consideration of craze density softening law is recommended to simulate the failure process of the component made by polymeric materials under impact loading.
